The nucleotide sequence of the genomic RNA of barley yellow dwarf virus, PAV serotype was determined, except for the 5'-terminal base, and its genome organization deduced. The 5,677 nucleotide genome contains five large open reading frames (ORFs). The genes for the coat protein (1) and the putative viral RNA-dependent RNA polymerase were identified. The latter shows a striking degree of similarity to that of carnation mottle virus (CarMV). By comparison with corona-and retrovirus RNAs, it is proposed that a translational frameshift is involved in expression of the polymerase. An ORF encoding an Mr 49,797 protein (50K ORF) may be translated by in-frame readthrough of the coat protein stop codon. The coat protein, an overlapping 17K ORF, and a 3" 6.7K ORF are likely to be expressed via subgenomic mRNAs.
INTRODUCTION
Barley yellow dwarf virus (BYDV), is the type member of the luteovirus group. This group includes many serious pathogens of crop plants (2, 3) , yet little is known of its biology at the molecular level.
There are at least five serotypes of BYDV (4) including those designated PAV and RPV discussed here.
PAV is the most common serotype in Australia and North America. The genome of luteoviwses consists of a single (+) sense RNA of about 6 kb, containing a 5-linked protein (VPg) and no poly(A) tail (5, 6) .
The sequence of the coat protein of an Australian isolate of the PAV serotype of BYDV was recently identified (1) . To gain insight in the genome organization and replication strategy of luteoviruses, the complete nucleotide sequence of this BYDV isolate has been determined. The sequence reveals a novel genome organization, and suggests that BYDV uses a variety of strategies for expression of viral genes.
Unexpected evolutionary relationships with other plant viruses are also revealed.
MATERIALS AND METHODS

Materials.
Dideoxy sequencing reaction mixtures and enzymes, a [3 2 P]dCTP and ot{ Methods.
cDNA Cloning. Virus was prepared and its RNA extracted as described (7) . Two sources of virus were used to obtain cDNA clones. The first set of clones (prefixed pBY; Fig. 1 ) was obtained from a virus preparation, propagated in oats (Avena sativa. cv. Cooba), that proved to be a mixture of the PAV and RPV serotypes. Clones pBY13,16, 25 and 63 were prepared by random priming (7) while pBY325 and 330 were prepared by polyadenylating viral RNA with poly(A) polymerase (Bresatec) and priming first strand synthesis with oligo(dT) (7) . All of these clones hybridized much more strongly to PAV than RPV RNA (data not shown) and were thus assumed to represent PAV sequences. However, because of unknown effects of the two virus strains on each other when grown as a mixture, the two serotypes were separated (7) for subsequent cloning. The resulting homogeneous PAV serotype was propagated in barley (Hordeum vulaare cv. Procter). Clones obtained from homogeneous PAV RNA (prefixed pPA; Fig. 1 ) were derived using restriction fragments or specific oligomers as primers for first strand synthesis.
First and second strands of the pPA cDNA were synthesized by the RNase H method (8) . cDNA was inserted into pUC8 (9) either by C-tailing the cDNA and G-tailing the vector (10), or using Bam HI linkers (New England Biolabs, Beverly, MA). Following ligation (11) and transformation of Escherichia coli strain JM83 (9) , clones containing BYDV-PAV sequences were detected by colony hybridization (7).
Clone G16 was constructed in lambda gt11 (12) as described previously (1).
Sequencing. cDNA clones were subcloned into M13-derived vectors mp18 and mp19 (13) , and the nucleotide sequence was determined by the dideoxy method (14, 15) . Nested sets of deletions were created in the M13 clones containing large inserts (16) . Some regions were sequenced by dideoxy sequencing directly off the viral RNA using reverse transcriptase with synthetic oligonucleotides as primers (17) . This procedure was modified for use with The 3' end of the viral RNA was sequenced by partial cleavage with base-specific enzymes (18, 19) after end labeling with [32p] P cp using RNA ligase (20) . Presence of 5% (w/v) polyethylene glycol (MW 6000) in this reaction increased 3' end labeling up to 10-fold (data not shown 
RESULTS
Sequencing strategy.
Construction of cDNA clones. The nucleotide sequence of BYDV-PAV was determined from cDNA clones prepared from BYDV RNA, and by direct sequencing of some regions of the RNA. The cDNA clones were derived from two different sources of viral RNA (see Methods). The first set of clones (prefixed pBY) was obtained from a field isolate which was a mixture of the PAV and RPV serotypes of BYDV. Only PAV-specific clones were sequenced. Following separation of the PAV serotype from RPV (7), knowledge of the sequences of the pBY clones allowed design of primers (either restriction fragments or synthetic oligomers) for preparation of cDNA clones from RNA obtained from homogeneous PAV preparations (pPA clones). All but 39 bases of the genome were cloned from homogeneous PAV RNA and sequenced ( Figure 1 ). The sequences of the uncloned regions (0.7% of the genome) were determined directly from the RNA by dideoxy sequencing with reverse transcriptase. Ninety-five percent of the genome was sequenced in both orientations and 87% percent (4919 bases) was sequenced from more than one cDNA clone.
Terminal sequences of BYDV RNA. The 5' end of the RNA was identified by the complete termination of cDNA synthesis on the viral RNA template in the reverse transcription sequencing reaction.
The 5' terminal base could not be identified by this method. The 5' end of the RNA could not be labeled directly, due to blockage by a genome-linked protein which is attached to the 5' ends of luteovirus genomic RNAs (5, 6) . The possibility of the sequencing reaction terminating prior to the 5' end due to steric hindrance by the VPg cannot be ruled out (24), but since this does not appear to be the case with other viruses containing VPgs (25, 26, 27) numbering of nucleotides in this paper begins at the apparent 5' end determined as described above.
The 3' sequence was determined by partial enzymatic cleavage following end labeling (Methods).
This was verified by reverse transcriptase-catalyzed dideoxy sequencing of BYDV RNA which had been 3' polyadenylated, using a primer with the sequence (dT)i2dG. No sequence was obtained when (dT)i2dC or (dT)i 2dA were used, or when the RNA was not polyadenylated.
The 3' end of the RNA can form some stem-loop structures, but it does not form a tRNA-like structure found in many plant viruses (28) . The ends have no obvious sequence similarity to the termini of other viruses.
Genome organization.
The nucleotide sequence of the BYDV-PAV genomic RNA is shown in Figure 2 . Amino acid sequences of the large open reading frames (ORFs) are also shown. A schematic diagram of the deduced genome organization is shown in figure 3 . Five ORFs which can encode proteins of greater than M r 15,000 were detected. Five ORFs on the (-) strand could encode proteins of M r 10 -15,000 ( Figure   3 ). For brevity, ORFs will be referred to by the molecular weight of the proteins they can encode. iCAAUUGGAGUUUUGCCAl  2170  2180  2190  2200  2210  2220  2230  2240  2250  2260  2270 UCAACGCUGGAGUACCCAUACUUGAAAGUUUCUAUAAAUGCCUAUAUAGGAGCUCGGGGUACAAAAAAGUGAGUGAGGAAUUUAUUAAAAACGUCAUAUCGUAUGGAACAGAUGAGA  2410  2420  2430  2440  2450  2460  2470  2480  2490  2500 2510 2520 UACAAGGUAGACGUACCUAUAAUGAAACACCUAUCACAAACCACAGUAGAAUGUCCUACUGGGAAUCAUUCGGAGUUGACCCUAAGAUACAGCAAAUCGUCGAGAGGUACUACGACG  2530  2540  2550  2560  2570  2580  2590  2600  2610  2620  2630 U  5060  5070  5080  5090  5100 5110  5120  U  5150 G 5160   5170  5180  5190  5200  5210  5220  5230  5240  5250  5260 5270 5280 Figure 4 . Alignment of the amino acid sequence of the 60K ORF with the first readthrough region of the putative polymerase gene of CarMV (45) . Numbers indicate positions (in nucleotide residues) of the reading frames in the viral genomes. Asterisks indicate matches, dots indicate spacing required to optimize the fit, underlined sequences are from the upstream reading frames, boxed amino acids are highly conserved among RNA-dependent RNA polymerases (29, 30) . and 2). Fifty-one substitutions (1.6%) and one three-base duplication were found when the 3166 bases which were sequenced from both sources were compared. On the other hand, of the 2883 bases which were sequenced from more than one pPA clone, only one base change (position 4726) was detected (0.03% difference). Similarly, one base difference was found between the pPA clones and the sequence determined directly from the RNA population (position 5001). Seventy-four percent of the base substitutions were transitions.
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Most of the substitutions occurred at third base positions in codons and did not alter the amino acid sequence. However, around nucleotides 4600 to 5150, there was a cluster of base differences between the sequence from homogeneous PAV-derived clones and that from the PAV+RPV mixture (clone pBY330), many of which lead to amino acid changes. Since all the differences in this region of the genome are compared against a single clone (pBY330) from the PAV+RPV mixture, the possibility that this represents a clone of an aberrant RNA molecule must be considered.
DISCUSSION
Gene expression strategies.
Potential frameshift in translation of the polvmerase gene. We propose that the 60K ORF is expressed by a translational frameshift event that allows the ribosomes to bypass the stop codon at the 3' end of the 39K ORF and translate the 60K ORF, resulting in a 99K fusion or "transframe" (31) protein.
This frameshift event would take place in the thirteen base overlap between the two reading frames (which is also present in the CarMV gene where it is not an initiator), (iii) It is unlikely that the 60K ORF is expressed via a subgenomic mRNA, as Northern hybridizations failed to detect such an RNA in infected tissue (32) . To ensure that this result was not due to sequencing error or sequencing a defective clone, both strands were sequenced using two separate clones from homogeneous PAV RNA (pPA142 and pPA120), one from the mixture (pBY16), and PAV RNA itself. The only base differences were those in pBY16 discussed above. It is also noteworthy that the sequence flanking the 39K stop codon shows no similarity to those of known in-frame readthrough stop codons ( Figure 6 ).
Secondly, the structure of the RNA around the proposed frameshift site in BYDV shares properties with RNAs of viruses in which translational frameshifts are known to occur. Frameshifts in translation of polymerase genes of retroviruses (31, 33, 34, 35) and a coronavirus (36) have recently been characterized. In all cases, including BYDV, it is a -1 frameshift. These other viruses have either the sequence AAAAAAC or UUUA in the frameshift region. This is followed by stem-loop structures which can be quite variable in size and location relative to the stop codon. At the end of the 39K ORF, BYDV RNA contains the sequence UUUA followed by a stem-loop structure ( Figure 5 ). An additional stem-loop structure can also be formed 5' of the proposed frameshift region. This has not been reported in the above cases. If translation studies verify this proposal, this would be the first known case of translational frameshifting by a plant virus, although it has been proposed to explain anamolous results in translation of alfalfa mosaic virus RNA 3 (37).
Expression of the coat protein. 17K. and 6.7K ORFs. The location of the coat protein gene near the middle of the genome has been reported for only one other plant virus (tomato bushy stunt virus; TBSV) (38) . In all other known cases, this gene is located either at the 5' or 3' end of the genomic RNA.
The coat protein gene is located 5' to the position reported for this gene in the closely related MAV The role of such readthrough proteins is unknown. In the case of soil-borne wheat mosaic vims, which is related to BNYVV, the readthrough protein is associated with inclusion bodies (48 RAATRAQRAI VPPAPPSAPA G Figure 7 . Alignment of the 50K ORF of BYDV with the 54K ORF of BNYW (52) . Numbers indicate positions of the amino acids after addition of gaps to optimize alignment. The alignment was determined by identifying regions which stood out significantly above background using a DIAGON (22) comparison. Amino acids from clone pBY330, where different, are shown above the amino acid sequence of the 50K ORF ("A" indicates deletion).
BYDV-PAV
region has the properties of "PEST' sequences (rich in proline, glutamic acid, serine and threonine) which are found in rapidly degraded proteins in a wide variety of eukaryotic cells (54) .
Evolution.
The sequence relationships presented here support the hypothesis of modular evolution (reviewed in 55) which proposes that viruses can evolve by exchanging "modules" such as genes or parts of genes, and that various combinations of these modules can give rise to functional viruses with different properties. In the case of BYDV, the putative polymerase obviously has the same origin as that of CarMV, yet it appears to be expressed by frameshift rather than in-frame readthrough. This is analogous to retroviruses where some express the polymerase and other genes of the gag-pol region via readthrough of the gag gene stop oodon (56, 57) and others via frameshift (31, 33, 34 ).
The coat protein shows a possible distant relationship with those of other icosahedral viruses:
TBSV, southern bean mosaic virus as well as CarMV (1, 58) , while the 50K ORF may be similar to the readthrough protein of the BNYVV coat protein, a rod-shaped virus. All these viruses have quite different
properties, ruling out a single common origin for all of them. In summary, BYDV appears to be a mosaic of modules consisting not only of genes, but of gene expression strategies, arranged quite differently from other known viruses.
